Abstract. In this paper, the density functional theory (DFT) study on nano-thin films of the most typical ferroelectric compound BaTiO3 was presented. The results showed that the convergence of the film model using for DFT calculation were obtained for the thickness of the vacuum slabs as large as ten times of the BaTiO3 slabs within the total energy error ∼ 0.01 eV. The lattice contraction was observed in the surface region of the material. The difference in atomic layer termination, between BaO terminated and TiO2 terminated films, gives rise to the difference in lattice reconstruction at the surface region which, in turn, leads to the difference in surface electric dipoles. The surface effect acts on the electronic structure of thin films in the manner of the asymmetry of atomic sites and the structural reconstruction due to the surface relaxation. Our results indicated that the termination also decides how and how much these two manners take effects on the electronic structure of the material.
I. INTRODUCTION
Since the discovery of ferroelectric ceramics, chemically stable and relatively inert ferroelectric crystals have been widely recognized to be excellent candidates for electrically switchable, two-state devices... However, high switching voltages of several kV make thick crystal plates not favorable for commercial devices [1] . Then, the low-switching-voltage (only a few V) constructions like low-dimensional ferroelectric materials (for example: thin film of 100 ÷ 800 nm in thickness [2] , nanowire of several-tens nanometers in diameter [3] ) are more suitable for practical electronic devices. In the trend of miniature high-density memory devices, the lower dimensions of material are, the more technologically meaningful the material becomes. Hence, the development of practical ferroelectric devices is in close connection with physics of low-dimension ferroelectric materials, of which, the most important problems are size and surface effects.
BaTiO 3 is a typical ferroelectric ceramic whose low-dimension effects on nanoparticles were first investigated by M. Anliker et al in 1954 [4] . A ferroelectric surface layer of about 20 nm was observed to remain ferroelectric far above the Curie temperature TC for BaTiO 3 single crystals of the size ranging from 30 to 2300 nm. This result was in contrast with later experiments, which have indicated the disappearance of tetragonal ferroelectric structure below a critical size varying from 5 to 120 nm [5] [6] [7] [8] [9] [10] [11] . The low-dimension effects occurring in nanowires of BaTiO 3 result in the reducing of ferroelectric-paraelectric phase transition temperature T c with respect to the reducing of the wire cross section [12] . Z. Wang et al proposed a core shell model to explain the preferred polarization orientation in BaTiO 3 nanowires [13] . They estimated the shell thickness of a nanowire with diameter of 120 nm to be ∼ 10 nm.
In this paper, we introduce our ab initio investigation on BaTiO 3 thin films to study the influence of the surface effect on the lattice and electronic structure of the material.
II. MODELLING
Among ab initio methods, Hartree-Fock method can be applied successfully for many systems. However, it also produces significant errors for wide range of other systems as it does not fully involve the correlation effect. Various methods have been developed to correct these errors basing on Hartree-Fock method (so-called Post-SCF methods) such as Moller-Plesset perturbation methods (MPn), quadratic configuration interaction methods (QCI), coupled cluster methods (CC), Brueckner doubles methods (BD) These methods make some improvements in calculation but they consume a lot of computational cost. Hence, methods based on Density Functional Theory (DFT) have been developed and popularized quickly. The best DFT methods achieve significantly greater accuracy with much less computational cost than the Post-SCF ones. DFT methods include full correlation effect in terms of exchange-correlation functionals. Many exchange-correlation functionals have been formulated in various forms which can be classified into three types: local approximation density (LDA) functional, generalized gradient approximation (GGA) functional and hybrid functional. In our calculation, we used a widely-used LDA func- tional, PWC, which is proposed by Perdew et al [14] . The exchange-correlation functionals and local basis set were provided by the library of the quantum computing code Dmol 3 , in which, all the atomic wave functions were given numerically in terms of atomic-centered spherical-polar meshes rather than analytic functions as Gaussian orbitals [15] . A fullelectron potential was formulated from the all-electron wave function which includes all occupied atomic orbitals plus a second set of valence atomic orbitals and a polarization d-function on each atom by using DND basis set in Dmol 3 's library. A noticeable point is that almost of quantum computing codes, including Dmol 3 , cannot treat two dimension (2D) structures. Then, a quasi-2D (Q2D) model is required to simulate BaTiO 3 thin films. A supercell containing a vacuum slab (VS) and a BaTiO 3 slab (BS) (Fig. 1a) was built. This model preserves the periodicity in the slab plane (Oxy plane). However, the VSs prevent the wave functions of different BSs from overlapping and electrostatically interacting. By this way, the periodicity in the third dimension (Oz direction) is broken. Such Q2D model becomes ideal 2D model when the vacuum slab extends infinitely. In this work, we first examined the convergence of the one BS unitcell model (∼ 4Å) with respect to VS thickness in terms of total energy accuracy. Fig. 1b demonstrates the VS thickness-dependence of the total energy. The curve was fitted with an exponential decay function:
here y 0 = −16907.26476 Ha, x 0 = 2 unit cells length, A 1 = 6.1706 × 10 −4 Ha, A 2 = 6.77321 × 10 −4 Ha, t 1 = 3.980678, t 2 = 16.57242, y is the total energy and x is the VS thickness. According to the function, when the VS thickness tends to infinitive, the total energy reduces exponentially to y 0 = −16907.26476 Ha. Then, within the error of ∼ 0.0005 Ha ∼ 0.01 eV, the VS thickness was fixed as much as ten times of BS thickness. We took optimizing calculation for bulk and film models. The non-optimized (optimized) film models are called unreconstructed (reconstructed) films.
III. RESULTS AND DISCUSSION

III.1. Lattice reconstruction and electric dipole moments
In this work, we aimed at BaTiO 3 thin films with crystallographic plane of (100) which are constituted of BaO and TiO 2 layers alternately. The model used for calculation has the BS thickness of 3 unit cells (7 oxide layers) ∼12Å and the VS thickness of 30 unit cells ∼12 nm. Because the BS can be terminated with BaO or TiO 2 layers there are two film types: BaO-terminated (film A) and TiO 2 -terminated (film B) (see Fig. 2 ). In each film, we have surface unit cell and centre unit cell which are denoted by s and c indexes, respectively. The oxide layers of the films are also numbered in Fig. 2 . The center layer which is TiO 2 one for film A and BaO for film B is numbered 0. The odd numbers are BaO layers for film A, TiO 2 layers for film B and vice versa for even numbers.
The Table 1 displays the lattice reconstruction parameters of BaTiO 3 films. The surface and centre unit cell volumes of the films are V s and V c , respectively. These values were compared with the bulk value V bulk through the parameters: V s /V bulk = (V bulk -V s )/V bulk , and V c /V bulk =(V bulk -V c )/V bulk . Similarly for the TiO 6 octahedron volumes we have following quantities: ν s , ν c and ∆ν s /∆ν bulk = (ν bulk − ν s )/∆ν bulk , ∆ν c /∆ν bulk = (ν bulk − ν c )/∆ν bulk . In order to characterize the structural reconstruction of each oxide layer, we introduced a bumpiness quantity which is the difference between z coordinate of metal and oxygen atoms in each layer, i.e. the bumpiness of BaO layer is λ BaO = z Ba − z O o along x direction of BaO-terminated and TiO2-terminated films in polyhedral form, respectively. and of TiO 2 layer is λ T iO 2 = z T i − z O . It should be noted that we assumed the positive direction points to outward of the films. Then, some features of the lattice reconstruction and ionic electric dipole can be deduced from these parameters as follows:
i) The lattice unit cell and TiO 6 octahedron trend to contract from the center to the surface. This contraction is in agreement with the bond-order-lengthstrength correlation proposed by C. Q. Sun et al [16] which has been evidenced by various experimental measurements [17] [18] [19] . Due to break of the periodicity in the direction perpendicular to the film surface, the atom system tends to reconstruct along this direction. During this process, the relative displacements of ions with different charges are different depending on their electronic structure and the surrounding opposite charged ions distribution. ii) For the BaO-terminated film, the octahedron contracts less than the lattice unit cell while both lattice unit cell and octahedron of the TiO 2 -terminated film contract the same. Moreover, the lattice contraction and reconstruction energy of the TiO 2 -terminated film are much more than the BaO-terminated film. iii) The contraction of both center and surface unit cells of studied films seems to in contrary with the experimental observation on the anomalous lattice expansion of nanocrystalline BaTiO 3 particles of S. Tsunekawa et al [11] . However, it should be noted that their experimental lattice parameters were averaged overall particles with smallest size of 20 nm which are much larger than the thickness of our model (3 unit cells ∼12 nm). Then it is suggested that the BS of our model is not thick enough to get the best representation for the bulk-like properties. iv) In both cases, the bumpiness of BaO layers is always negative, i.e. oxygen negative ions trend to emerge from the barium positive ion plane. The negative bumpiness gives rise to the negative values of electric dipole moment of BaO layers (Table 2) . Thus, the electric dipole moment vectors of BaO layers always point inwards. v) Unlike BaO layers, TiO 2 layers have opposite bumpiness, and hence opposite electric dipole moment vectors in the two cases (Table 2) . While the titanium positive ions are convex outwards in the case of of BaO-terminated, they are concave inwards in the case of TiO 2 -terminated. Thus, the electric dipole moment vectors of TiO 2 layers point outwards in the first case but inwards in the second. (Fig.  3b) , unreconstructed (dot lines in Fig. 3c, d ) and reconstructed films (solid lines in Fig.  3c, d ) electronic structures suggests that the surface occurrence takes effect on the lattice and electronic structure of BaTiO 3 in two manners. One is that the surface occurrence breaks the periodic symmetry of the infinite crystal in the direction z perpendicular to the surface plane (Oxy), giving rise to the classification of atomic site into surface and subsurface sites along this direction which are so-call asymmetry sites. The other is that the crystal reconstruction due to the coordination number imperfection of surface atoms (the surface relaxation) leads to the re-contribution of the electronic structure.
The core band No. 1 is mainly composed of Ba 4p states (the contributions of O and Ti are insignificant). For bulk material, it ranges from -11 to -9 eV with only one narrow, sharp peak at -9.9 eV (Fig. 3b) . Due to the break of periodicity, the barium sites can be divided into surface (Ba 3 ) and subsurface (Ba 1 ) sites in the case of BaO-terminated film (film A) and Ba 2 and Ba 0 sites in the case of TiO 2 -terminated film (film B) (Fig. 2) . This asymmetry classification, in turn, splits the Ba 5p peak ion two peaks, i. e. the Ba 1 4p at -9.9 eV and the Ba 3 4p at -11.6 eV peak in the film A DOS (Fig. 3c) . However, the splitting is unobvious in the case of film B with both Ba 2 and Ba 0 peaks locating around -10.7 eV (Fig. 3d) . The surface structural reconstruction causes an insignificant change on the Ba core band of film A: no shift of peak 1b and only a small positive shift of peak 1a (0.1 eV). The shift of corresponding peaks of film B due to the structural reconstruction is ∼0.3 eV down. Thus the surface takes effect on the electronic core band primarily in the manner of the asymmetry of atomic sites. The surface-and size-core-band splitting and shift have been observed experimentally in various compounds. Their proposed mechanisms were unclear and diverse. For example, the positive shifts of the core-electron binding energy level (corresponding with the negative shift of the DOS core band) of Nb 3d and T 4f were assigned to the enhancement of the resonance diffraction of the light due to the surface bond contraction [20] [21] [22] . The Cu 2p core-level shift of CuO nanosolid was explained as the size-enhanced ionicity of copper and oxygen [23] . C. Q. Sun et al have developed a bond order-length-strength correlation mechanism and unified the effects of surface relaxation and nanosolid formation on the core-level binding-energy shift into the atomic-coordination number imperfection [16, 24] . According to this, there are two highly favored mechanisms, i.e. the specification of the capping and surface layers in nanosolid which is in accordance with the positive shift of core levels and the surface relaxation [24] . Our calculation is in agreement with their conclusion that the asymmetry of barium sites or the specification of the capping and surface layers gives rise to the negative shift of the DOS core band of Ba 4p which is corresponding with the positive shift of the corelevel binding-energy (the positive shift of the DOS core band is corresponding with the negative shift of the core-level binding-energy). Besides, according to our calculation, the termination layer is the important factor to decide how much the asymmetry splitting shifts the core level up and how the surface relaxation should shifts the core level. In the BaO termination case of BaTiO 3 films, the asymmetry of barium sites plays the prime role in the negative shift of the DOS Ba 4p band. The surface relaxation part is only significant but still smaller than the asymmetry part in the case of TiO 2 terminated BaTiO 3 films. Moreover, the surface relaxation tends to shift the DOS core-band slightly up in the case of BaO termination and down in the case of TiO 2 termination. The high-energy un-occupied band No. 4 which locates above 7 eV in the bulk DOS, 8 eV in the film A DOS and 6 eV in the film B DOS is mainly contributed by Ba valence states (5p and 6s) with only a small part from un-occupied O 2p and Ti 3d states (Fig.  3b, c, d) . The nearly non-overlap with Ti and O bands of the barium bands suggests that the bonding between barium atoms and the remaining part of lattice (TiO 6 octahedral network) is strongly ionic. This is also obvious in the calculated electron population which is shown in terms of (001) and (110) slices (Fig. 4) . According to this, Ba atoms nearly do not share electron cloud with TiO 6 network. Mulliken's electron population analysis [25] produces the nearly ideal ionic charge values for barium ions (see table 4 ). It should be noted that if these bonds were ideally ionic the barium ionic charge would be +2|e| and [TiO 3 ] ionic charge would be -2|e|. In the film A DOS, however, a noticeable Ba part (∼ 19%) appears in the lower-energy un-occupied band No. 3 (conductive band) which is primarily constituted of Ti 3d and O 2p states (Fig. 3c) . This contribution originates from the surface site (Ba 3 ) due to the significantly overlap of Ba 3 valence orbitals with octahedral valence orbitals. This overlap strongly reduces the electric charge of the surface barium ions (from ∼ +1.7|e| for bulk Ba to ∼ +1.4|e| for surface Ba, see table 4). The Ba ionic charge reduction also occurs from the center site to surface site but more slightly. The reducing of ionic charge of barium indicates the change of the bonding nature from ionic to valence. Thence, there occurs the change in nature of the Ba-[TiO 6 ] bonding from ionic to valence in the surface region of the material and the phenomenon is the most obvious in the case of BaO termination where the outmost layer contains Ba ions. The ionic-valence transformation of the surface Ba-[TiO 6 ] bonding has been also experimentally observed by means of XPS spectroscopy on nanocrytalline BaTiO 3 particles [11] . The calculation in [11] did not clarify whether the origin of the bonding nature modification is the asymmetry splitting of barium site or the surface relaxation. The insignificant effect on the barium ionic charge in our results suggests that this modification directly originates from the asymmetry of barium sites rather than the surface relaxation.
Valence and conductive bands are composed of hybrid states between O 2p and Ti 3d orbitals. So TiO 6 octahedral coordination is the most important to the electronic structure of the material. The valence band No. 2 is constituted similarly for bulk and films with a large O 2p part (∼76%), a smaller Ti part (∼17%) and an insignificant part (∼7%) of Ba 6s, 5p orbitals. In contrary with the valence band, conductive band has a large part of titanium 3d orbitals (82% for bulk and film B, 65% for film A). The remaining part comes from O 2p orbitals in the case of bulk and film B. For film A in particular (as has been discussed above), the remaining part has 46% O 2p character and 54% Ba 5p, 6s character which comes from the surface site (Fig. 3c) . However, the bonds in TiO 6 octahedral network of all three cases are essentially valence. The valence nature is corresponding to the small electric charge values of titanium and oxygen (table 4) and obviously displayed in Fig. 4 . According to this, the TiO 6 octahedral network exhibits itself as positive charged core parts of titanium and oxygen atoms sharing a valence electron cloud. In this network, the charge transfer has been both experimentally and computationally evidenced to occur between different TiO 6 octahedral clusters rather than atom by atom [26] [27] [28] . Then, the break of the TiO 6 octahedral coordination at the surface should lead to a larger structural reconstruction in the case of TiO 6 terminated film than the BaO one as shown above. Due to the conservation of TiO 6 octahedral coordination at the surface of film A, the asymmetry of Ti and O sites only lead to some small change of the O 2p -Ti 3d hybrid bands without the shift of the highest peaks No. 2c and 3c.The slight shift and enhancement are observed on some weaker peaks. The most visible shift (about 0.4 eV -table 3) and enhancement occurs for 2b and 3a peaks which are contributed by TiO 2 layers No. 2 and surface barium states respectively (denoted by red arrows in Fig. 3c ). Besides the additional peaks No. 3e at 5.5 eV and 3h at 7.7 eV originate from the surface barium atoms (green arrows in Fig. 3c) .
The scene is not the same for the film B because the crystal field splitting is much different between octahedral and pyramidal coordinations as seen in Fig. 5 . Of course, the case should be much more complicated in BaTiO 3 crystalline films where other splitting processes may also occur such as bonding-antibonding splitting, asymmetry splitting The result is the band gap reducing, the downward broadening of both valence and conducting bands and two additional peaks at -2.7 and -0.4 eV (No. 2d and 2f) which have the origin of the asymmetry of the pyramidal-bottom oxygen O 3 (green arrows in Fig.3d ). The surface relaxation gives rise to a small change in the TiO 6 bands of film A with an insignificant band gap change and small peak shifts but a quite obvious change in those ones of film B with a reduced band gap and some additional peaks. The contraction of the TiO 6 octahedron increase the overlap of Ti 3d and O 2p orbitals which enlarges the bondingantibonding splitting of the hybridized orbitals. Then the 0.55% contraction of the surface TiO 6 octahedron is corresponding to the slightly-negative shift (∼0.3 eV) of valence band peaks and the non-shift of conductive band peaks in the case of film A. In the film B case, the larger contraction (∼ 4.02%) together with the break of TiO 6 octahedral coordination into TiO 5 pyramidal coordination not only enlarges the bonding-antibonding gap but also enhances the crystal splitting. Then in addition to the peak shifts (almost is negative), we observed a new satellite of the highest peak of the conductive band no. 3c at 3.2 eV (No. 3c' which denoted by red arrow in Fig. 3d ) which originates from the bottom of the TiO 5 pyramid (Ti 3 and O 3 ).
IV. CONCLUSION
We have investigated the surface effect of BaTiO 3 using Q2D model. Our results are qualitatively in agreement with some experimental observation and bond order-lengthstrength correlation model by C. Q. Sun et al [16] . According to this, the surface effect act on the electronic structure of the material in two manners. Firstly, the surface occurrence leads to the asymmetry of the atomic sites along the direction perpendicular to the film plane. This asymmetry is respondsible for the splitting and negative shift of DOS core band and plays the main role in the slight change of bonding nature in the surface region of BaTiO 3 . The other manner is the structural reconstruction due to the surface relaxation which enhances the bonding-antibonding and crystal field splitting of TiO 6 orbitals. The comparison between the TiO 2 terminated and BaO terminated films suggests that the termination is the key factor to define how and how much the two manners take effect on the lattice and electronic structures of thin films. It is well evidenced that due to the break of the TiO 6 octahedral coordination into TiO 5 pyramidal one at the surface the lattice and the electronic structures of TiO 2 terminated films were modified much more than the BaO terminated ones. Moreover, the termination is also the importance factor to predict the surface electric polarization properties of BaTiO 3 : the surface polarization of TiO 2 terminated films is larger than the BaO ones.
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